Elucidating the molecular mechanisms of the host-parasite interaction during red cell invasion by Plasmodium is important for developing newer antimalarial therapeutics. Recently, we have characterized a Plasmodium vivax tryptophan-rich antigen PvTRAg38, which is expressed by its merozoites, binds to host erythrocytes, and interferes with parasite growth. Interaction of this parasite ligand with the host erythrocyte occurs through its two regions present at amino acid positions 167-178 (P 2 ) and 197-208 (P 4 ). Each region recognizes its own erythrocyte receptor. Previously, we identified band 3 as the chymotrypsin-sensitive erythrocyte receptor for the P 4 region, but the other receptor, binding to P 2 region, remained unknown. Here, we have identified basigin as the second erythrocyte receptor for PvTRAg38, which is resistant to chymotrypsin. The specificity of interaction between PvTRAg38 and basigin was confirmed by direct interaction where basigin was specifically recognized by P 2 and not by the P 4 region of this parasite ligand. Interaction between P 2 and basigin is stabilized through multiple amino acid residues, but Gly-171 and Leu-175 of P 2 were more critical. These two amino acids were also critical for parasite growth. Synthetic peptides P 2 and P 4 of PvTRAg38 interfered with the parasite growth independently but had an additive effect if combined together indicating involvement of both the receptors during red cell invasion. In conclusion, PvTRAg38 binds to two erythrocyte receptors basigin and band 3 through P 2 and P 4 regions, respectively, to facilitate parasite growth. This advancement in our knowledge on molecular mechanisms of host-parasite interaction can be exploited to develop therapeutics against P. vivax malaria.
their socio-economic conditions. Although this parasite causes benign malaria, it can also cause complications, similar to Plasmodium falciparum, leading to death (1, 2) . Because of the limited success to cultivate this parasite in the laboratory and very low parasitemia in P. vivax patients, the biology of this parasite is not explored in as much detail as that of P. falciparum. Not only is the parasite becoming more virulent, it is also showing resistance toward commonly used anti-malarial drugs. Furthermore, there is no vaccine available against this parasite. For effective control of this disease, newer anti-malarial drugs and vaccines need to be developed. Thus, identification of drug and vaccine targets is urgently needed. In this regard, the parasite molecules expressed at the merozoite stage and involved in erythrocyte invasion hold their significance as they have been proven to be the most effective drug or vaccine targets (3) .
Large numbers of host and parasite molecules need to interact with each other during erythrocyte invasion by the malarial parasite. Identification of all the host erythrocyte receptors and their respective parasite ligands involved in this process is incomplete. P. falciparum exploits lot of erythrocyte receptors, ranging from highly abundant band 3, which has the merozoite surface protein 1 (MSP1) complex (4) as the ligand, to the less abundant basigin, which interacts with P. falciparum reticulocyte-binding homology protein 5 (PfRH5) (5) . Several other receptor-ligand interactions are also known for erythrocyte invasion, including the following: P. falciparum erythrocytebinding antigen 175 (PfEBA175) and glycophorin A (6); P. falciparum erythrocyte-binding ligand 1 (PfEBL1) and glycophorin B (7); P. falciparum erythrocyte-binding antigen 140 (PfEBA140) and glycophorin C (8); P. falciparum reticulocytebinding homology protein 4 (PfRh4) and complement receptor 1 (CR1); and P. falciparum merozoite thrombospondin anonymous protein and semaphorin 7A (9) . Although several erythrocyte receptor molecules have been identified for the P. falciparum merozoite proteins, this number is unfortunately very limited in the case of P. vivax. The most commonly known receptor-ligand interaction in P. vivax is the Duffy antigen/receptor for chemokines being recognized by the parasite ligand Duffy-binding protein 1 (DBP 1) expressed by the merozoite (10) . Indications have appeared in the literature that there are other host-receptor molecules recognized by the P. vivax merozoite ligands during the red cell invasion, which may be independent of the Duffy antigen (11) . Recently, DBP 1 has been shown to recognize a different receptor for invasion in Duffy null erythrocytes (12) .
Although several merozoite proteins of P. vivax, including reticulocyte-binding proteins, are identified, which interact with the erythrocytes during invasion process, their respective receptors have yet to be explored (13) . Recently, we have reported that several P. vivax tryptophan-rich antigens (PvTRAgs) belonging to the pv-fam-a family were highly immunogenic in humans, have conserved sequences in parasite population, and bind to host erythrocytes through two receptors (14 -17) . One of the pv-fam-a family proteins called PvTRAg38, which is expressed at merozoite stage (18) , is also highly immunogenic (17) , binds to host erythrocytes (14) , and promotes the parasite growth in the heterologous P. falciparum culture system (19) . We have been able to define two erythrocyte-binding regions, P 2 (at amino acid position 167-178) and P 4 (at amino acid position 198 -208), of this parasite ligand that interact with two different erythrocyte receptors. Among these two erythrocyte receptors, one was sensitive to chymotrypsin and interacts through the P 4 region and the other receptor was resistant to this enzyme. The chymotrypsin-sensitive erythrocyte receptor for the P 4 region has recently been identified as band 3 (19) . Furthermore, multiple residues of the P 4 region interact with three different ectodomains of band 3 (20) . The second erythrocyte receptor that is resistant to chymotrypsin and is recognized by the P 2 region of this parasite ligand remains unidentified. Results of this study indicate that this chymotrypsin-resistant erythrocyte receptor for PvTRAg38 recognized by its P 2 region is basigin. Both P 2 and P 4 peptides interfere with parasite growth, signifying the involvement of both receptors, basigin and band 3, in red cell invasion.
Results
Interacting Erythrocyte Protein Partners for PvTRAg38 -Previous studies have shown that the parasite ligand PvTRAg38 interacts with two erythrocyte receptors, where one of them was sensitive to chymotrypsin (14) . Subsequently, the chymotrypsin-sensitive human erythrocyte receptor for this parasite protein was identified as band 3 (19) . Therefore, in pursuit of identifying the second erythrocyte receptor for PvTRAg38, we used a more sensitive method of LC-MS/MS-based multidimensional protein identification technology (MudPIT) 4 analysis (21, 22) . This technique identified seven proteins from the erythrocyte membrane extract, including previously identified band 3, as probable interacting partners of PvTRAg38 (Table 1) . In a parallel set of experiments, we carried out Label transfer assay (23), using tri-functional cross-linker-tagged PvTRAg38 and erythrocyte membrane lysate (Fig. 1A) . As the cross-linker, which had been used to tag the protein before pulldown, was labeled with biotin, streptavidin conjugated to HRP allowed us to detect interacting proteins to which the tag was specifically transferred (Fig. 1B) . The corresponding bands, to which the label was transferred, were excised from the colloidal Coomassie Blue-stained gel and identified by mass spectrometric analysis. Except for glycophorin A and calcium-transporting ATPase, the other proteins were commonly identified by both the techniques (Table 1 and Fig. 1 ). Hence, we excluded these two erythrocyte proteins from further analysis. Furthermore, the 55-kDa erythrocyte membrane protein (EMP) and solute carrier family protein 1 (SCFP1), known to be highly abundant proteins on the erythrocyte surface and frequently found as contaminants in the pulldown assays, were also eliminated as probable interacting partners. Therefore, besides band 3, basigin or CD59 could be promising erythrocyte receptor candidates and were tested further. Presence of basigin in the eluates was confirmed by Western blotting analysis where a single band at the expected position of ϳ28 kDa was observed with antibasigin antibody (Fig. 1C) .
Basigin Interacts with PvTRAg38 -The above two techniques, MudPIT analysis and Label transfer assay, identified three probable erythrocyte-interacting partners of PvTRAg38. Among these three erythrocyte proteins, band 3 has already been confirmed as one of the erythrocyte receptors for this parasite ligand (19) . Therefore, we planned to study direct interaction between PvTRAg38 and each of the other two erythrocyte proteins. We also included 55-kDa EMP as a control for the abundant erythrocyte membrane proteins in this assay. Although CD59 and 55-kDa EMP were obtained commercially, histidine-tagged recombinant basigin was prepared in the laboratory ( Fig. 2A) and checked for its proper secondary structure by circular dichroism (CD) studies. The CD spectra showed a dominantly ␤-pleated sheet for this recombinant basigin (Fig. 2B) , which is similar to that of the reported structure of native human basigin (24) . Furthermore, the gel permeation chromatography profile of this recombinant basigin indicates that the protein was in a monomeric form (Fig. 2C) . Solid phase binding assay results showed a dose-dependent binding 1 Anion exchanger-1 (band 3) 101 .7  36  23  2  Basigin  28  39  8  3  55-kDa erythrocyte membrane protein  50.2  22  7  4  Solute carrier family protein glucose-facilitated transporter member 1  54  14  6  5  Calcium-transporting ATPase  138  36  4  6  CD59 glycoprotein  17  24  3  7 Glycophorin A 30 43 2 of PvTRAg38 to basigin and not with CD59 or 55-kDa EMP (Fig. 3A) . These erythrocyte proteins did not show binding to the negative control bacterial thioredoxin (Fig. 3A, inset) . The affinity of the basigin and PvTRAg38 interaction was ascertained by surface plasmon resonance (SPR)-based studies. Using basigin as ligand, which was covalently coated to the activated surface of the CM5 chip following the amine coupling method, we flowed different concentrations of analyte, i.e. GST-tagged PvTRAg38. The kinetic analysis sensorgrams (Fig.  3B) show a concentration-dependent increase in the binding of ligand and analyte during the association phase. The binding affinity was found to be fairly significant with a calculated K D value of 3.0 Ϯ 0.68 ϫ 10 Ϫ6 M. The Label transfer assay using recombinant basigin and labeled recombinant PvTRAg38 further confirmed the interaction between basigin and PvTRAg38 where the label, biotin tag, was transferred from PvTRAg38 to basigin (Fig. 3C) .
The specificity of binding of PvTRAg38 with basigin was confirmed by the competition assay where percentage binding of GST-tagged PvTRAg38 to basigin was inhibited with the increased concentration of histidine-tagged PvTRAg38 (Fig.  3D) . Specificity of binding between PvTRAg38 and basigin was also evident from the antibody inhibition assay where this interaction was inhibited by the specific antibody in a dilution-dependent manner (Fig. 3, E and F) .
Native Basigin Expressed on Eukaryotic Cell Surface Shows Binding to PvTRAg38 -The above-mentioned assays used the purified recombinant fusion protein expressed in Escherichia coli. To investigate the binding of PvTRAg38 to the basigin that is expressed in its natural form by the eukaryotic cells, we used two different cell-based assays, e.g. the yeast-two hybrid system and mammalian HEK-293 cell transfections. For yeast two-hybrid assay, basigin has been cloned in bait vector (pGAD) in fusion with the activation domain of the GAL4p promoter, whereas PvTRAg38 was cloned in prey vector (pGBK7) in fusion with the binding domain of the GAL4p promoter. Cotransformed yeast cells (AH109) were able to grow well on various triple dropout media (SD/Leu Ϫ His Ϫ Trp Ϫ ), whereas vector alone, pGAD-basigin, pGBK7-PvTRAg38, pGAD-basigin and pGBK7, and pGBK7-PvTRAg38 and pGAD were not showing any growth on the dropout media. These results point toward direct interaction between basigin and PvTRAg38 in this cellbased assay (Fig. 4A) . Because PvTRAg38 and basigin interaction was positive on nutritional selection media (SD/Leu
, lacZ reporter gene expression was confirmed by assay using ortho-nitrophenyl-␤-D-galactoside (ONPG) as substrate. The AH109 strain of yeast co-transformed with PvTRAg38 and basigin yielded a moderate ␤-galactosidase activity, whereas the other transformants with combination of FIGURE 1. A, schematic diagram depicting the Label transfer method. The GST-tagged PvTRAg38 was incubated with biotin-labeled sulfo-SBED crosslinker. The labeled protein was incubated with erythrocyte membrane proteins, followed by exposure to UV light that photoactivates a photoreactive moiety (represented by orange triangle PR) of trifunctional cross-linker, which will bind to the interacting protein. empty activation domain or binding domain vectors have low or negligible amounts of ␤-galactosidase activity as compared with the positive interactions (Fig. 4B) .
For the mammalian system, basigin was expressed on the HEK-293 cell surface, and the transfected cells were used for the interaction with GST-tagged PvTRAg38. The green fluorescence for basigin and red fluorescence for GST tag of PvTRAg38 were overlapping with each other (seen as yellow) across the cell surface (epithelium-like) surrounding the DAPI-stained nucleus (Fig. 5, upper panel) . Cells transfected with pRE4 (vector alone) were not recognized by either of the two antibodies (Fig. 5, lower panel) . This co-localization confirmed the interaction between basigin and PvTRAg38 (Fig. 5) .
Basigin Interacts with PvTRAg38 through its P 2 RegionPvTRAg38 interacts with erythrocytes through two peptide regions, P 2 and P 4 at amino acid positions 161-178 and 197-214, respectively (19) . Further studies revealed that last six amino acids of this P 4 peptide were not involved in erythrocyte binding, but multiple residues of the remaining 12 amino acid peptides interact with its erythrocyte receptor (20) . As it is known that PvTRAg38 recognizes two erythrocyte receptors (14) and peptide P 4 binds to one of them, identified as band 3 (19), we investigated here whether peptide P 2 of this parasite ligand binds to the above-identified basigin as second erythrocyte receptor. We have used the truncated 12-amino acid-long P 2 peptide (positioned at 167-178 of PvTRAg38) in this study because the first six amino acid residues at the 161-166-position of the original 18-amino acid-long peptide were not involved in erythrocyte binding (data not shown). Sequence and position of P 2 and P 4 peptides are shown in Fig. 6A . Results of the solid phase binding assay suggested that P 2 binds to basigin in a dose-dependent manner (Fig. 6B ). Peptide P 4 , which recognizes band 3, did not show binding to the basigin (Fig. 6B , inset). Binding of P 2 with basigin was also confirmed by SPR where the binding affinity was significant with a K D value of 1.02 Ϯ 0.12 ϫ 10 Ϫ9 M (Fig. 6C ). The specificity of binding of P 2 to basigin was confirmed by the competitive inhibition assay where binding of PvTRAg38 to basigin was increasingly inhibited with increased concentrations of P 2 (Fig. 6D) . Furthermore, binding of basigin to the P 2 region of PvTRAg38 was also inhibited by the polyclonal antibody, raised against P 2 peptide, in a dilution-dependent manner (Fig. 6E) .
Multiple Amino Acid Residues of P 2 Region Interact with Basigin-To find out the critical amino acid residues of the P 2 region of PvTRAg38 involved in binding to basigin, we synthesized wild type P 2 as well as its mutated peptides where we serially replaced the wild type amino acid with alanine (Table  2) . These peptides were used as analytes to study their binding affinity with basigin by SPR. The results showed that the binding affinity of peptides P 2 A5, P 2 A9, and P 2 A12 having mutations at 171 (G171A), 175 (L175A), and 178 (Q178A), respectively, was reduced to ϳ100 times as compared with the wild type P 2 ( Table 2 ). This indicates that Gly-171, Leu-175, and Gln-178 of PvTRAg38 were more critical for interacting with basigin than other residues. However, it may be noted here that the binding affinity of P 2 A12 toward basigin was less than half of P 2 A5 or P 2 A9 ( Table 2 ). E176A of P 2 A10 had no effect on its basigin binding affinity, and the mutation at other residues of this peptide showed 5-10 times reduction in this binding affinity.
To further provide insights into the interaction of wild type and mutant P 2 peptides with basigin, we carried out molecular docking studies of these peptides with the known crystal structure of human basigin. Despite the large number of degrees of freedom considered to take into account the ligand flexibility, the complexes obtained were characterized by the good sterical complementarities between basigin and peptides ( Fig. 7A) . To understand the different affinities of mutant peptides, the docking study was extended with all possible interactions. In partic-ular, the P 2 -basigin complex is stabilized by a network of hydrogen bonds and salt bridges ( Fig. 7B and Table 2 ). This molecular interaction analysis showed peptide P 2 to be involved in hydrogen bonding through Thr-169 (Thr-3 in P 2 ), Gly-171 (Gly-5 in P 2 ), Lys-173 (Lys-7 in P 2 ), and Gln-178 (Gln-12 in P 2 ) to basigin (Fig. 7B) . Moreover, the complex includes a noticeable salt bridge and hydrophobic interactions between the carboxyl group of the succinic moiety and ammonic group of Arg-172 (Arg-6 in P 2 ), Glu-176 (Glu-10 in P 2 ), Lys-173 (Lys-7 in P 2 ), and Gln-178 (Gln-12 in P 2 ). The mutant peptides, P 2 A5, P 2 A9, and P 2 A12 either have one or no hydrogen bonds with basigin amino acids. They are stabilized with fewer numbers of salt bridges and hydrophobic interaction ( Fig. 7B and Table 2 ) with basigin amino acid residues. But the interaction of mutant peptide P 2 A12 with basigin is still more stable than that of the mutant peptides P 2 A5 or P 2 A9 because it still contains one hydrogen bond and more numbers of salt bridges as well as hydrophobic interactions than those present in these two other mutant peptides (Table 2) . From these SPR and molecular docking results, it seems that residues Gly-171 and Leu-175 of peptide P 2 are the key residues involved in interaction with the N-terminal domain of basigin. The N-terminal region of basigin is also shown recently to be involved in interaction with PfRH5 (25) .
Blocking of Basigin by P 2 Peptide Leads to Parasite Growth Inhibition-Basigin is a known erythrocyte receptor required for P. falciparum invasion (5). Blockage of this erythrocyte surface protein resulted in invasion inhibition of P. falciparum into the erythrocyte via the parasite ligand PfRH5 (26) . So, we made use of this fact and checked for potential P 2 to block basigin on the surface of erythrocyte and its role in parasite invasion. Our results on P. falciparum (3D7) culture showed a dose-dependent growth inhibition by peptide P 2 up to 20 M and a plateau thereafter at higher concentrations (Fig. 8A) . The parasite culture treated with 20 M P 2 showed ϳ18% parasite growth inhibition (Fig. 8B ). Peptide P 4 , which interacts with band 3 (19) , was also tested for its parasite growth inhibition potential and was found to inhibit ϳ20% of parasite growth at the same concentration (Fig. 8B ). The complete protein PvTRAg38 at the same concentration was used as a positive control, which showed ϳ35% growth inhibition as reported (5), and control pGBKT7-PvTRAg38 ϩ pGAD vector (6) . B, liquid assay to measure relative ␤-galactosidase activity. Three independent assays and S.D. are represented by error bars. FIGURE 3. Binding of PvTRAg38 to basigin. A, solid phase ELISA. Increasing concentrations (0 -2.5 M) of histidine-tagged basigin, 55-kDa EMP, or CD59 were added to the wells of an ELISA plate already coated with 50 nM GST-tagged PvTRAg38 or untagged thioredoxin (inset). The plate was developed with anti-His 6 monoclonal antibody as described in text. Mean Ϯ S.D. value of absorbance from three experiments is plotted. B, SPR analysis of basigin interaction with PvTRAg38. The recombinant basigin was immobilized on the cell of CM5 chip by amine coupling method. Five different concentrations of recombinant PvTRAg38 (100 -500 nM) were injected at a flow rate of 30 l/min over the surface of immobilized basigin. Curve fit (Langmuir 1:1 model) sensograms show dose-dependent response of PvTRAg38 binding with basigin. C, direct interaction between basigin and PvTRAg38 by Label transfer assay. Recombinant histidine-tagged basigin was incubated with recombinant GST-tagged PvTRAg38 (labeled with trifunctional Sulfo-SBED cross-linker) and processed as in Fig.  1A . The eluate was washed and resolved on 15% SDS-PAGE and transferred to nitrocellulose membrane. The blot was probed with streptavidin-HRP. Lane 1, GST-tagged PvTRAg38 and histidine-tagged basigin after Label transfer. Lane 2, labeled GST-tagged PvTRAg38. Sizes of molecular weight marker proteins are shown on right-hand side. D, specificity of binding of PvTRAg38 to basigin by competition assay. Increasing concentrations of histidine-tagged PvTRAg38 (0 -2 M) were incubated for 2 h with recombinant-untagged basigin immobilized on an ELISA plate well. After washing, a fixed concentration of GST-tagged PvTRAg38 was added to the wells, and the bound protein was detected with GST monoclonal antibody as described in the text. Binding in the absence of histidine-PvTRAg38 was taken as percentage control for the rest of the concentrations. The mean value of three independent experiments is plotted with S.D. E, specificity of binding between basigin and PvTRAg38 by antibody inhibition assay using anti-PvTRAg38 antibodies. Different dilutions of anti-PvTRAg38 antibody were incubated with recombinant GST-tagged PvTRAg38 immobilized on an ELISA plate well for 2 h. After washing, a fixed concentration of histidine-tagged basigin was added to the wells. The bound histidine-tagged basigin was detected using monoclonal anti-His 6 antibodies as described in the text. The mean value of three independent experiments is plotted with S.D. F, specificity of binding between basigin and PvTRAg38 by antibody inhibition assay using anti-basigin antibodies. Different dilutions of polyclonal anti-basigin antibody were incubated with recombinant histidine-tagged basigin immobilized on an ELISA plate well for 2 h. After washing, a fixed concentration of GST-tagged PvTRAg38 was added to the wells, and bound recombinant GST-tagged PvTRAg38 was detected by using anti-GST antibodies as described in the text. The mean value of three independent experiments is plotted with S.D. FIGURE 6. Binding of peptide P 2 of PvTRAg38 with basigin. A, schematic diagram depicting domain organization of PvTRAg38 and location of P 2 and P 4 regions. B, solid phase ELISA. Increasing concentrations (0 -2 M) of recombinant histidine-tagged basigin was added to the wells of an ELISA plate already coated with 1 M peptide P 2 or peptide P 4 (inset). The plate was developed with anti-His 6 monoclonal antibody as described in text. Mean Ϯ S.D. value of absorbance from three experiments is plotted. C, SPR analysis of basigin interaction with P 2 peptide. Recombinant basigin was immobilized on the cell of CM5 chip by the amine coupling method. Four different concentrations of P 2 peptide (5-20 M) were injected at a flow rate of 30 l/min over the surface of immobilized basigin. Curve fit (Langmuir 1:1 model) sensograms show dose-dependent response of P 2 peptide binding with basigin. D, specificity of peptide P 2 binding to basigin by competition assay. Increasing concentrations of peptide P 2 (0 -20 M) were incubated for 2 h with untagged recombinant basigin immobilized on an ELISA plate well. After washing, a fixed concentration of GST-tagged PvTRAg38 was added to the wells, and bound protein was detected with GST monoclonal antibody as described in the text. Binding in the absence of peptide P 2 was taken as percentage control for the rest of the concentrations. The mean value of three independent experiments is plotted with S.D. E, specificity of peptide P 2 binding with basigin by antibody inhibition assay. Different dilutions of anti-P 2 rabbit antibodies were incubated for 2 h with GST-tagged PvTRAg38 immobilized on an ELISA plate well. After washing, a fixed concentration of histidine-tagged basigin was added to the wells. The bound histidine-tagged basigin was detected by the anti-His 6 monoclonal antibodies, as described in the text. The mean value of three independent experiments is plotted with S.D. earlier (19) . Furthermore, we assessed the cumulative effect of both P 2 and P 4 peptides in growth inhibition assay. Indeed, the equimolar mixture of P 2 and P 4 peptides at 20 M concentration was able to inhibit ϳ32% of the parasite growth, which was almost similar to that of the growth inhibition rate shown by the complete protein PvTRAg38 (Fig. 8) . A non-erythrocyte-binding protein PvTRAg38.7 was used as a negative control, which showed an insignificant parasite growth inhibition. The parasite growth inhibition shown by P 2 , P 4 , P 2 ϩ P 4 , or PvTRAg38 at 20 M concentration was significantly higher (p Ͻ 0.05) than this negative control. There was no significant difference in parasite growth inhibition between P 2 and P 4 as well as between P 2 ϩ P 4 and PvTRAg38.
Gly-171 and Leu-175 of P 2 Are More Critical for Parasite Growth-Because binding affinity of mutant peptides of P 2 toward basigin was found to be greatly reduced in SPR, their potential toward parasite growth inhibition was tested to check for the sequence-specific effect. Results of parasite growth inhibition assay using these mutant peptides are shown in Fig. 9A . With the exception of peptides P 2 A3 and P 2 A10, others showed a reduction in their ability to inhibit the parasite growth in comparison with wild type P 2 . For example, binding affinities of P 2 A5 and P 2 A9 with basigin were maximally reduced in comparison with others, and similarly, these peptides also lost their parasite growth inhibition potential to the maximum (Fig. 9A and Table 2 ). There was a correlation between binding affinities Table 2 ). These results, along with SPR data and docking studies, indicate the critical nature of Gly-171 and Leu-175 amino acid residues of P 2 involved in interaction with host erythrocyte receptor basigin and thus the red cell invasion.
Discussion
Identification of the molecules involved in host-parasite interaction and elucidation of the molecular mechanisms that are taking place during host cell invasion are important for developing newer therapeutics to control the disease. The phenomenon of red cell invasion by merozoites of Plasmodium is highly complex because parasites use multiple invasion pathways thus utilizing large numbers of parasite ligands and their respective receptors on host erythrocytes. Complexity is further increased when the individual parasite ligand interacts with more than one erythrocyte receptor, and similarly, each erythrocyte receptor is recognized by more than one parasite ligand (4, 14, (27) (28) (29) . The numbers of erythrocyte receptors identified for the P. vivax merozoite proteins is very limited (3, 10, 12) . Recently, we have identified band 3 as one of the human erythrocyte receptors for a P. vivax merozoite-expressed tryptophan-rich protein called PvTRAg38 and also their binding mechanisms (19) . Because this parasite ligand interacts with two erythrocyte receptors, here we have identified basigin as the second erythrocyte receptor using more sensitive techniques.
In our earlier studies, we were able to capture the high copy number protein band 3 on the erythrocyte surface against PvTRAg38 but missed the other receptor, which could be present in low copy numbers (19) . Because various other sensitive protein-protein interaction platforms are now widely used for detection of low abundance proteins (3, 5, 23), we utilized here two such techniques, i.e. Label transfer assay and MudPIT analysis, to identify the second erythrocyte receptor of PvTRAg38. These techniques allowed us to identify additional erythrocyte proteins, along with band 3, which could be interacting with this parasite ligand ( Table 1 and Fig. 1 ). After negating the most abundant proteins, and those proteins that were not commonly identified by both techniques, we carried out direct interaction of PvTRAg38 with the remaining two erythrocyte proteins CD59 and basigin along with 55-kDa EMP by solid phase ELISA to show that only basigin was interacting with PvTRAg38. Using various techniques, it was evident that PvTRAg38 was specifically interacting with basigin molecule (Figs. 3-5 ). Basigin is probably the third erythrocyte receptor identified here so far for any of the P. vivax merozoite proteins.
The resistance of basigin to chymotrypsin treatment further confirms our hypothesis and corroborates our previous results on PvTRAg38-erythrocyte binding, where this interaction was partially affected by chymotrypsin (14) , and the other receptor sensitive to this enzyme has already been identified as band 3 (19) . Although basigin is highly glycosylated in the extracellular region and its N-glycosylation plays important roles in its function (30), its interaction with PvTRAg38 may not involve the carbohydrate moieties because the non-glycosylated recombi- nant basigin expressed in E. coli as well as the glycosylated form in HEK-293 were binding to PvTRAg38 in our studies (Figs.  3-5 ). Basigin has also been identified as an erythrocyte receptor for PfRH5 and shown to be involved in red cell invasion (5). Reticulocytes have a higher abundance of basigin molecules on the surface as compared with mature red blood cells, which shed them off via the exosome-endosome pathway during maturation (31, 32) . Therefore, basigin might be acting as the interacting protein with PvTRAg38 and thus playing an important role in the P. vivax merozoite attachment to reticulocytes.
In our earlier studies, host erythrocytes pre-incubated with PvTRAg38 showed parasite growth inhibition in a heterologous P. falciparum culture system (19) . The soluble basigin as well as the anti-basigin antibodies have been reported to inhibit the P. falciparum growth in in vitro via PfRH5 (5). Because PvTRAg38 binds to basigin, their interaction might play a role in merozoite entry into the host red cell. Therefore, blocking of basigin molecules on the erythrocyte surface by PvTRAg38 might interfere with invasion. The probable reason of this parasite growth inhibition in the heterologous system could be due to blockade of the basigin receptor at the N terminus by PvTRAg38, which renders this area inaccessible for binding to PfRH5 and thus inhibits the growth, as evident from our molecular docking results (Fig. 7) . However, we did not know whether this parasite growth inhibition was due to blockade of only basigin or the previously described band 3 or both of these receptors. Because we have defined the respective binding domain for each of these receptors, P 2 for basigin (Fig. 6 ) and P 4 for band 3 (19), we used these synthetic peptides separately as well as in combination to study the parasite growth inhibition rates. Indeed, P 2 and P 4 peptides showed almost an equal rate of parasite growth inhibition that was almost half if compared with the total protein (Fig. 8) . But P 2 and P 4 together reached the growth inhibition rate that was almost comparable with that of the complete PvTRAg38 protein (Fig. 8) . These results indicate that both band 3 and basigin are utilized for the attachment of merozoite to red cell during the invasion process (Fig. 8) . These data need to be confirmed by using the P. vivax system as and when available where the blocking of individual P 2 and P 4 sites of PvTRAg38 by specific antibodies against these domains on the merozoite should be able to inhibit the reticulocyte invasion.
The PvTRAg38 appears to be an important protein in P. vivax biology, as it has only two haplotypes in the parasite population among Indian isolates (15) . The variant haplotype has only one amino acid (V270E) change among the field isolates. However, this mutation in the protein was outside the erythrocyte-binding regions of PvTRAg38. The nucleotide sequence as well as the encoded amino acid sequence of P 2 and P 4 regions of PvTRAg38 binding to basigin and band 3, respectively, were completely conserved. This is expected as these peptides were interacting with the host molecules for biological function, and any variation in parasite ligand in this region could be detrimental for host-parasite interaction. Furthermore, PvTRAg38 has been established as a potent immunogen (16) . The presence of memory T cell against PvTRAg38 points toward the importance of this protein as immunogen, which can generate fast and specific immune response during P. vivax infection (17) . Also naturally occurring antibodies against PvTRAg38 in sera from P. vivax-infected individuals have shown potential for blocking PvTRAg38-erythrocyte interactions (14) , which again points toward important role of this protein in in vivo. Similar to many other potential vaccine candidate antigens of Plasmodium, PvTRAg38 is also a non-glycosylphosphatidylinositol (GPI)-anchored protein with erythrocyte binding ability and high immunogenicity (5, 33) . The immunogenic potential of non-GPI-anchored proteins, including PvTRAg38, forms a strong basis for their vaccine candidacy.
Interaction between PvTRAg38 and basigin seems to involve multiple amino acids of the P 2 region of PvTRAg38 (Fig. 7 and Table 2 ). But two amino acid residues (Gly-171 and Leu-175) are more critical in this receptor-ligand interaction. Furthermore, there was a correlation between binding affinities of amino acids of P 2 and their potentials for parasite growth inhibition (Fig. 9) . These two amino acid positions were found to be more critical in this regard. Earlier, we identified critical amino acid residues of the P 4 peptide that are involved in interaction with band 3 (20) . Identification of these critical amino acid residues will open new avenues to generate therapeutic measures to control these interactions and thus the parasite growth, similar to various other diseases (32, 33) .
In conclusion, identification of basigin along with the previously identified band 3 as interacting partners for PvTRAg38 will provide new directions in P. vivax biology. Currently, inhibition of protein-protein interactions is becoming a popular tool for the development of therapeutics (34, 35) . Information generated about the critical residues involved in PvTRAg38-basigin and previously identified PvTRAg38-band 3 interactions can be of utmost importance in developing small molecules that can impede this interaction, as has been done by different studies in Plasmodium (36) . Plasmid pRE4 vector was a kind gift from Gary Cohn and Roselyn Eisenberg (University of Pennsylvania, School of Dental Medicine, Philadelphia). Recombinant plasmid pRE4-PvTRAg38, recombinant proteins GST-tagged PvTRAg38, histidine-tagged PvTRAg38, and histidine-tagged thioredoxin from Desulfovibrio desulfuricans were available in the laboratory from previous studies (19, 37) .
Experimental Procedures
Pulldown Assay and MudPIT Analysis-Erythrocyte membrane was prepared by hypotonic lysis of the erythrocytes using the method of Dodge et al. (38) . To identify the host erythrocyte membrane proteins interacting with PvTRAg38, the pulldown assay was performed as described by Yajima et al. (39) . Briefly, the above-mentioned erythrocyte membrane preparation in 5 mM phosphate buffer, pH 7.5, containing protease inhibitor mixture was dissolved in 1% C 12 E 8 by incubating it on ice for 20 min. After centrifugation at 20,000 ϫ g for 30 min at 4°C, the solubilized erythrocyte membrane preparation was incubated with 1:1 glutathione-Sepharose 4B resin for 1 h. GST-tagged PvTRAg38 or GST alone (25 g) was incubated with 100 l of 50% glutathione-Sepharose 4B resin for 1 h at 4°C, followed by washing with Tris-buffered saline (25 mM Tris, 150 mM NaCl, 2 mM KCl, pH 7.5) containing 0.1% C 12 E 8 . The GST-tagged PvTRAg38 (or GST alone) bound to glutathione resin was then incubated overnight at 4°C with 1 mg of solubilized erythrocyte membrane proteins. To remove unbound material, resin was washed five times with Tris-buffered saline containing 0.1% C 12 E 8 and finally with 10 mM Tris-HCl, pH 7.5. The bound proteins were eluted using reduced glutathione (100 mM). The eluateswerereducedwithDTT(10mM),alkylatedwithiodoacetamide (0.5 mM), and digested with trypsin. The peptide mixture was lyophilized and reconstituted in 50 mM triethylammonium bicarbonate (TEAB), pH 8.0. A pre-packed microtip with C-18 resin was activated with 100% acetonitrile and then conditioned with 50 mM TEAB. Peptides were allowed to bind with this C-18 resin for multiple cycles. The column was washed with 2% acetonitrile in 50 mM TEAB, and the bound peptides were eluted into four fractions with 10 -70% acetonitrile gradient. After lyophilization, each fraction was dissolved in 0.1% formic acid and analyzed separately on LC-MS/MS. The pep-tide mixtures were loaded onto Acclaim PepMap RSLC (50 m ϫ 15 cm) and separated with a linear gradient of solvent B (95% acetonitrile ϩ 0.1% formic acid) from 5 to 50% in 85 min. The eluting peptides were directly injected into the Orbitrap Velos Pro MS (Thermo Fisher Scientific Inc.). The parent ion spectra were acquired in full-scan mode at a resolution of 60,000. The top 20 precursors were subjected for fragmentation with a collision energy of 35 using collision-induced dissociation in the ion trap. The spectra were analyzed in Proteome Discoverer 1.4 (Thermo Fisher Scientific Inc.) using SEQUEST algorithm.
Label Transfer Assay Using Sulfo-SBED Biotin Label Crosslinker-Sulfo-SBED biotin Label transfer cross-linker (1.12 mg) was dissolved in 25 l of DMSO immediately before use and was added to the protein vial having 5 mg of GST-tagged PvTRAg38 in PBS and incubated on ice in the dark for 2 h with constant tapping at regular intervals. The reaction mixture was then centrifuged at 10,000 ϫ g for 1 min to remove hydrolyzed cross-linker. The unbound cross-linker was removed by dialyzing the reaction mixture in ice-cold PBS. 40 g of labeled protein was incubated overnight with 500 g of the solubilized RBC membrane. For direct interaction, 1 g of labeled GSTtagged PvTRAg38 was incubated with 2 g of recombinant histidine-tagged basigin. Reaction mixture was UV (365 nm)-exposed for 15 min using a long wave UV lamp to transfer the biotin label from the recombinant PvTRAg38 to its interacting protein partner. The interacting proteins were pulled down using Sepharose 4B resin, which specifically binds to GST and was incubated for 1 h at room temperature. The beads were washed twice with 1ϫ PBS, and the pulled down complex was boiled at 100°C for 5 min in 2ϫ SDS loading dye and run on 15% SDS-PAGE. After transferring to nitrocellulose membrane, the blot was blocked with 5% BSA in 1ϫ PBS for 30 min at room temperature. The blot was further incubated with streptavidin-HRP conjugate and was developed using 3,3Ј-diaminobenzidine/peroxidase substrate solution (0.05% 3,3Ј-diaminobenzidine, 0.015% H 2 O 2 , 0.01 M PBS, pH 7.2). Separately, the blot was developed with rabbit polyclonal anti-basigin antibody.
PCR Amplification, Cloning, Expression and Purification of Recombinant Proteins, and Antibody Generation-Ectodomain of basigin was amplified from the human basigin cDNA clone using primers 5Ј-GGATCCGGGCCCATGGCGGCTGCGCT-GTTCG-3Ј and 5Ј-CTCGAGCGATCGTCAGGAAGAGTTC-CTCTGGC-3Ј. The DNA was denatured at 94°C for 10 min followed by 35 cycles as follows: denaturation at 94°C, annealing at 59°C, and extension at 68°C for 1 min each. The final extension at 68°C was carried out for 15 min. The PCR product was resolved on a 1.2% agarose gel, and the corresponding band was excised from the gel. The DNA was eluted using GeneJET gel extraction kit, and subcloned into pET28b expression vector. The expression and purification of histidine-tagged recombinant protein were carried out as described by Song et al. (40) . The purity of the recombinant histidine-tagged basigin preparation was checked on 12% SDS-PAGE.
The CD spectra for ϳ25 M histidine-tagged recombinant basigin were acquired in 25 mM sodium phosphate buffer, pH 8.0, using a JASCO J-815 spectropolarimeter (Jasco, Japan).
Far-UV CD spectra were monitored from 180 to 300 nm. The path length was 2 mm, and instrument parameters were set to a sensitivity of ϳ30 millidegrees, a response time of 1 s, and a scan speed of 100 nm/min. Spectra were recorded as an average of eight scans.
Size-exclusion chromatography of histidine-tagged recombinant basigin was carried out using an ÄKTA fast performance liquid chromatography (FPLC) (GE Healthcare) at 25°C. Recombinant basigin (ϳ5 mg) was applied to an HR 10/30 S75 column (GE Healthcare) equilibrated in extraction buffer. Protein was eluted at 0.3 ml/min under maximum pressure of 1 megapascal. Fractions were collected, and the size of eluted proteins was calibrated using protein marker standards.
Antibodies against histidine-tagged PvTRAg38, histidinetagged basigin, and KLH-tagged peptide P 2 were generated in rabbits , following a previously described protocol (41) . The animal experiment protocols were approved by the Institutional Animal Ethics Committee (approval number 494/IAEC/09). The CPCSEA guidelines were followed to perform experiments on animals.
Solid Phase Binding Assay-This assay was performed by coating each well of 96-well ELISA plate with 50 nM GSTtagged PvTRAg38 or untagged bacterial thioredoxin in carbonate buffer, pH 9.6, overnight at 4°C. The coated ELISA plate was blocked with 5% BSA in PBS for 2 h at 37°C. Furthermore, different concentrations of histidine-tagged proteins (0 -2.5 M) were incubated for 2 h at 37°C. After washing, the plate was developed with monoclonal anti-His 6 antibodies as described earlier (19) .
For competition assay, two differently tagged analyte molecules competing for binding sites available on the immobilized ligand (basigin) were used as described previously (19) . Briefly, the wells of the 96-well microtiter plate were coated with 50 nM histidine-tagged basigin and then blocked with 5% BSA. The coated wells were then incubated with different concentrations (0 -2 M) of histidine-tagged PvTRAg38 for 2 h at 37°C, followed by washing with 1ϫ PBS. The same wells were again incubated with 2 M GST-tagged PvTRAg38 for 2 h at 37°C. After washing with PBS, the bound protein was detected by monoclonal anti-GST antibody, as described earlier (19) .
For antibody inhibition assay, the wells of the 96-well microtiter plate were coated with 250 nM GST-tagged PvTRAg38 or histidine-tagged basigin and then blocked with 5% BSA. The coated wells were then incubated with different dilutions of anti-PvTRAg38, anti-P 2 , or anti-basigin rabbit antibodies for 2 h at 37°C, followed by washing with 1ϫ PBS. The same wells were again incubated with 2 M GST-tagged PvTRAg38 or histidine-tagged basigin for 2 h at 37°C. After washing with PBS, the bound protein was detected by monoclonal anti-GST or anti-His 6 antibody, as described earlier (19) .
For peptide-basigin interaction by solid phase binding assay, 1 M peptide P 2 or P 4 was coated to each well of a 96-well microtiter plate, pretreated with glutaraldehyde and poly-L-lysine, as described by Sorette et al. (42) , in carbonate buffer, pH 9.6, overnight at 4°C. After washing twice with 1ϫ PBS, the plate was blocked with 5% BSA in PBS for 2 h at 37°C. Different concentrations (0 -2 M) of histidine-tagged basigin or bacterial thioredoxin were added to the coated wells, and the plate was incubated for 2 h at 37°C. Plates were developed with monoclonal anti-His 6 antibody as described earlier (19) .
For competition assay, the histidine-tagged basigin (0.5 M) was coated to each well and then incubated with increasing concentrations (0 -20 M) of peptide P 2 for 2 h. The wells were incubated with 2 M GST-tagged PvTRAg38 for 2 h at 37°C. After washing with PBS, the bound protein was detected by monoclonal anti-GST antibody as described earlier (19) .
Surface Plasmon Resonance-SPR assay was performed on BIAcore 2000 instrument at 25°C, using HBS-EP buffer. The recombinant human erythrocyte protein basigin was immobilized (ligand) on CM5 sensor chip using the amine-coupling method. Briefly, the surface of the flow cell was activated by flowing an equivolume mixture of 1-ethyl-3-(3-dimethylamino)propylcarbodiimide hydrochloride and N-hydroxysuccinimide, followed by flow of analyte in sodium acetate buffer, pH 4.5-5.5. Furthermore, 1 M ethanolamine was allowed to flow through the cells to block the unused activated free COO Ϫ groups at the surface. Blank surface was also prepared with the same method, except for the flow of ligand protein. Kinetic analysis was performed by flowing different concentrations of analyte (PvTRAg38 or wild/mutated P 2 ) on the immobilized basigin as well as the reference flow cell, at a flow rate of 30 l/min. The surfaces were regenerated with a pulse of appropriate regeneration buffers at the end of each injection cycle. Reference-subtracted sensorgrams were analyzed using the BIAcore evaluation software 3.2RC1 (BIAcore AB, Uppsala, Sweden). The binding constant, K D , was calculated as k d1 /k a1 by using data analysis program BIAevaluation 3.2RC1 (BIAcore AB). Kinetic rate constants were determined by fitting the corrected response data to a simple 1:1 Hill-Langmuir binding isotherm model using BIAevaluation 3.2RC1 software.
Yeast Two-hybrid Assay-Y2H analysis was performed using a GAL4-based Y2H system. The construction of the Y2H library, auto-activation and toxicity test, and the screening of the Y2H library were performed according to the manufacturer's instructions. The bait and prey plasmids were co-transformed into yeast strain AH109. AT plates to assess their strength of interaction in the presence of 3-amino-1,2,4-triazole (10 -50 mM).
␤-Galactosidase assay was performed by monitoring the lacZ reporter gene expression. Pellet from the liquid culture was rapidly freeze/thawed as per the manufacturer's instructions. As ␤-galactosidase accumulates in the medium, it hydrolyzes ONPG to o-nitrophenol, which is spectrophotometrically determined at 420 nm.
Cloning and Expression of Basigin in HEK-293 Cells-The above-mentioned PCR-amplified basigin ectodomain was cloned in PvuII and ApaI sites of pRE4 vector (kindly gifted by Gary Cohn and Roselyn Eisenberg) so as to produce a fusion protein containing the signal sequence at the N terminus and transmembrane region of the herpes simplex virus glycoprotein D (HSVgD) at the C terminus, respectively (43) . This recombinant DNA was then used to transfect the HEK-293 cells that were cultured in RPMI 1640 media with 10% fetal calf serum, 4 mM glutamine, 1ϫ penicillin/streptomycin, pH 7.4, in a humidified 5% CO 2 incubator at 37°C as described earlier (16) . The transfection was done with cationic lipid Lipofectamine 2000, following the manufacturer's protocol. DAPI was used for nuclei staining. Images were captured using Nikon confocal microscope A1 (Nikon Corp., Tokyo, Japan).
Direct Immunofluorescence Assay was done to confirm the expression of basigin on the surface of HEK-293 cells and to assess the transfection efficiency. Transfected HEK-293 cells were grown over a coverslip and were subsequently blocked with 5% BSA in 1ϫ PBS for 30 min at room temperature. The transfection was detected with mouse monoclonal antibodies DL6 directed against amino acids 272-279 of the HSVgD sequences as described previously (43, 44) . The slide was observed under UV and visible light at ϫ400 magnification using Nikon Eclipse E600 fluorescent microscope (Nikon, Tokyo, Japan), and images were obtained.
For cell-based studies of protein-protein interactions, the transfected HEK-293 cells expressing basigin were grown over a coverslip, followed by blocking with 5% BSA in 1ϫ PBS for 30 min at room temperature. The recombinant GST-tagged PvTRAg38 (20 M) was added to the coverslip and incubated for 2 h. Furthermore, the same HEK cells were probed simultaneously with monoclonal anti-GST antibodies (1:500) and monoclonal anti-basigin antibodies (1:100). Secondary antibodies used were Alexa Fluor 488-tagged anti-mouse and Alexa Fluor 594-tagged anti-rabbit. Smears were mounted in DAPI anti-fade and sealed. Vector alone pRE4-transfected cells were used as a control. The slides were observed under UV and visible light at ϫ400 magnification using Nikon Eclipse E600 fluorescent microscope (Nikon Corporation, Tokyo, Japan), and images were obtained.
Docking of Wild Type and Mutant Peptide P 2 on the Basigin Structure-The 3D structures of the peptides P 2 and its mutants were predicted by PEPstrMOD (45) . To get stable structures of each peptide energy minimization, molecular dynamics simulations and related analyses for each peptide structures were performed separately using GROMACS (46, 47) software suite version 5. We used the AMBER99SB (48) interaction potential along with the TIP4P-EW model of water with a periodic boundary condition; Na ϩ and Cl Ϫ ions were used to keep neutralization of the system. For each simulation, the structures were relaxed by the steepest-descent method and conjugated gradient energy minimization, and then the systems were equilibrated for 100 ps in NVT and NPT ensembles followed by a 20-ns molecular dynamics simulation run. Chain B was taken from human basigin (Protein Data Bank code 4uq0) as the protein structure of basigin and energy minimization were done on the protein structure. The docking was carried out by ZDOCK server (49) for each peptide with the protein structure separately, and the first ranked peptide-protein complex from the cluster of complexes was extracted from each case based on the highest ZDOCK score of docked complex. After docking, energy minimization and molecular dynamics simulations were run again on each topped ranked peptideprotein complexes separately as described above for 100 ns. To visualize the structures of the complexes, chimera was used. Ligplot ϩ (50) suite was used to find the amino acid interactions between peptide and protein in the topped ranked peptideprotein complexes.
P. falciparum Culture and Growth Inhibition AssayGrowth inhibition assay was performed as described by Persson et al. (51) . Briefly, the P. falciparum 3D7 strain was cultured in complete RPMI 1640 medium containing, 0.5 g/liter Albumax I 27.2 mg/liter hypoxanthine, and 2 g/liter sodium bicarbonate, using O ϩ human erythrocytes (4% hematocrit) under mixed gas (5% O 2 , 5% CO 2 , and 90% N 2 ). Parasite culture was synchronized by sorbitol treatment, and synchronous cultures at late schizont stage with parasitemia of 1% were treated with different concentrations (0 -50 M) of the P 2 , P 4 , P 2 ϩ P 4, PvTRAg38, or PvTRAg38.7 in a 96-well culture plate in triplicate. Similarly, the growth inhibition assay was performed for the wild type P 2 and its mutated peptides at 20 M concentration. Uninfected erythrocytes, infected erythrocytes alone, and infected erythrocytes with PBS were taken as controls. Parasites were maintained for 40 h and stained with ethidium bromide. One hundred thousand total events were acquired per sample, using Cell Quest software on a FACSCalibur flow cytometer (BD Biosciences).
Statistical Analysis-Pearson's correlation coefficient between parasite growth and binding affinity of the mutant P 2 peptides was computed to quantify the strength of the relationship between two variables. A non-parametric Student's t test was applied to calculate the statistical significance of the difference between the two parameters.
